The reconstruction of phylogenetic history is predicated on being able to accurately establish hypotheses of character homology, which involves sequence alignment for studies based on molecular sequence data. In an empirical study investigating nucleotide sequence alignment, we inferred phylogenetic trees for 43 species of the Apicomplexa and 3 of Dinozoa based on complete small-subunit rDNA sequences, using six different multiple-alignment procedures: manual alignment based on the secondary structure of the 18s rRNA molecule, and automated similarity-based alignment algorithms using the Pileup, ClustalW, TreeAlign, MALIGN, and SAM computer programs. Trees were constructed using neighbor-joining, weighted-parsimony, and maximum-likelihood methods. All of the multiple sequence alignment procedures yielded the same basic structure for the estimate of the phylogenetic relationship among the taxa, which presumably represents the underlying phylogenetic signal. However, the placement of many of the taxa was sensitive to the alignment procedure used; and the different alignments produced trees that were on average more dissimilar from each other than did the different tree-building methods used. The multiple alignments from the different procedures varied greatly in length, but aligned sequence length was not a good predictor of the similarity of the resulting phylogenetic trees. We also systematically varied the gap weights (the relative cost of inserting a new gap into a sequence or extending an already-existing gap) for the ClustalW program, and this produced alignments that were at least as different from each other as those produced by the different alignment algorithms. Furthermore, there was no combination of gap weights that produced the same tree as that from the structure alignment, in spite of the fact that many of the alignments were similar in length to the structure alignment. We also investigated the phylogenetic information content of the helical and nonhelical regions of the rDNA, and conclude that the helical regions are the most informative. We therefore conclude that many of the literature disagreements concerning the phylogeny of the Apicomplexa are probably based on differences in sequence alignment strategies rather than differences in data or tree-building methods.
Introduction
One of the essential steps in the reconstruction of phylogenetic history is establishing hypotheses of character and character-state homology among the taxa being studied, and mistaken hypotheses of homology are thus a primary source of error in evolutionary studies. Concepts of homology are often intuitively obvious when dealing with phenotypic data. For example, characters and their states can be postulated as homologous on the basis of their structural, positional, ontogenetic, compositional, and/or functional correspondences, and they can be postulated between different taxa so as to maximize the number of one-to-one correspondences of their parts (Stevens 1984) . For analyses using molecular sequence data, the assessment of homology involves alignment of the nucleotides or amino acids. Alignment of molecular sequences thus consists of a series of hypotheses of homology among the taxa, with one hypothesis of homology for each position (nucleotide or amino acid) in the sequences (i.e., we hypothesize that the nucleotides or amino acids at each position are descended from the same residue in a common ancestral sequence). The concepts of homology in molecular and in morphological studies are thus fundamentally the same (de Pinna 1991; Williams 1993) . However, for molecular data it seems that there is little possibility of further investigations (such as ontogeny) to assess homology, and so in practice homology assessment is very different for molecular studies (Mindell 1991) . In this paper, we investigate some of the consequences for phylogeny reconstruction of using different strategies for aligning nucleotide sequences, based on a specific empirical example.
Sequence Alignment
Positional homology in orthologous sequences can be represented by either identical character states (nucleotides or amino acids) in all of the sequences, substitutions in one or more of the sequences (representing point mutations), or insertions/deletions (indels) in one or more of the sequences. The most problematic aspect of sequence alignment is the positioning of indels, and this problem becomes more acute for more divergent taxa. It is worthwhile in this context to distinguish between gaps, which are introduced into the sequences during the alignment process, and indels, which are actual mutation events (Olsen 1988) ; clearly, the objective is to introduce into the sequences only gaps that truly represent indels (and this might almost be taken as a definition of the sequence alignment procedure).
There are two possible processes for sequence alignment.
First, the alignment can be constructed by hand. This is possible, for instance, when there are apparently relatively few indels needed to align the sequences. This situation is shown, for example, by protein-coding parts of mtDNA (Miyamoto and Cracraft 1991) and the plastid rbcL gene (Chase et al. 1993) . Alternatively, the sequences may have as their product a molecule for which there is an a priori biological mod-el of secondary structure or function in which certain active sites must be maintained; the alignment can then be constrained by the model (Olsen 1988; Olsen and Woese 1993) . Such a situation is shown, for example, by rRNA genes (Kjer 1995; Hickson et al. 1996) .
Second, it may not be possible to produce a robust alignment by hand, usually due to the low percent identity between the sequences (<50%; Schulze-Kremer 1996) . Under these circumstances, it is usual to use a mathematical algorithm to produce the alignment. These algorithms attempt to produce a sequence alignment that optimizes some chosen criterion of match between the individual sequences (cost). That is, the sequences are compared using a pattern-matching process that searches for correspondence between the elements of the sequences, introducing gaps into the sequences as required to optimize some criterion for correspondence (usually minimizing the cost). There are many algorithms currently available (see Waterman 1989; Doolittle 1990; Chan, Wong, and Chiu 1992; McClure, Vasi, and Fitch 1994) which optimize a variety of mathematical functions measuring the overall alignment cost. When there are more than two sequences, most of these algorithms use exact procedures (which are guaranteed to find the optimal solution) to align the sequences pairwise but then use heuristic procedures (computationally efficient strategies that should produce a solution that is at least close to the optimal one) to braid these pairwise alignments into a multiple alignment (Hirosawa et al. 1995) . Thus, not all of these procedures are guaranteed to produce the globally optimal alignment. Furthermore, they do not guarantee that the optimal alignment (even if they could find it) represents the true alignment (Thorne and Kishino 1992) , as their procedures are based on maximizing sequence similarity, which is not necessarily the same as sequence homology (similarity can be the result either of common ancestry or of chance convergence, parallelism, or reversal).
Irrespective of the alignment procedure used, when dealing with the problematic nature of sequence alignment, molecular biologists often delete parts of their sequences from the phylogenetic analysis (Olsen and Woese 1993) . The rationale for this is that those parts of the sequences that cannot be reliably aligned should be excluded from the estimation of the phylogeny (Olsen 1988), as they are likely to be phylogenetically uninformative (Olsen and Woese 1993) . This particularly occurs when alignment regions contain many gaps. Unfortunately, there are few objective criteria for deciding which parts of the alignment are ambiguous (Gatesy, DeSalle, and Wheeler 1993) , and traditionally the exclusion of sequence regions has been done by hand (Olsen and Woese 1993) .
Empirical Study
In the study presented here, we address the following specific questions regarding the effects of different sequence alignment procedures on molecular phylogenetic analysis. How sensitive are the phylogenetic trees to different sequence alignment strategies? How sensitive are the phylogenetic trees to different sequence alignment parameters ? How sensitive are the phylogenetic trees to the exclusion of parts of the sequences? The use of an empirical data set to examine these questions can provide a valuable complement to simulation studies, as the data set exemplifies the real world (Cracraft and Helm-Bychowski 1991; Allard and Miyamoto 1992; Cummings, Otto, and Wakeley 1995; Wheeler 1995; Russo, Takezaki, and Nei 1996) .
To address these questions, we analyzed complete 18s ribosomal RNA (rRNA) gene sequences from 43 taxa of the phylum Apicomplexa.
The Apicomplexa is a group of diverse parasitic protozoa, characterized by the presence of an apical complex at the anterior end of their invasive life cycle stage (Levine 1988) . This grouping is the apparently monophyletic remains of the once much larger phylum Sporozoa, which has had several recently erected phyla excised from it (Cox 1994) . The phylogenetic relationships among the Apicomplexa are still the subject of considerable debate (Corliss 1994; Cox 1994) , with several competing hypotheses. Thus, it is an appropriate group for testing how sensitive the different phylogenetic conclusions are to variation in alignment procedures. Note that our objective here is not necessarily to produce a definitive estimate of the phylogeny of the Apicomplexa, but to test how sensitive the phylogenetic estimates are to the alignment process (see Cracraft and Helm-Bychowski 199 1). Small-subunit rRNA has been widely used to infer the phylogeny of a broad range of organisms, as it is universal and abundant (Hillis and Dixon 1991; Olsen and Woese 1993) . The rRNA molecule has a specific secondary structure necessary for the formation and functioning of ribosomes (Gutell, Larsen, and Woese 1994) , and the primary and secondary structures are conserved even among very divergent taxa (Hillis and Dixon 1991) . So, the sequences of the r-RNA genes (rDNA) are constrained by the secondary structures of their products, and this allows knowledge of the secondary structure to be used for the alignment of the rDNA sequences (Kjer 1995; Hickson et al. 1996) . Furthermore, the helix (or stem) and loop regions can be treated as a major division of nucleotide site change (Vawter and Brown 1993; Muse 1995) , as the paired bases of the helices must result from compensatory mutations. This leads to an objective criterion for assessing the cladistic informativeness of different regions within the sequences (Wheeler and Honeycutt 1988; Smith 1989; Dixon and Hillis 1993; Ellis and Morrison 1995; Kjer 1995; Hickson et al. 1996) . Therefore, the 18s rRNA data are also appropriate for testing how sensitive the different phylogenetic conclusions are to different parts of the sequences.
Our primary objective was to test whether (under realistic circumstances) variability in cladogram estimation as a result of differences in alignment procedure can be as large as variability resulting from differences in tree-building procedure. To do this, it is only necessary to find some combination of circumstances where this is true, rather than to test every theoretical possibility. Our analyses thus sample only part of the extremely large number of possible variations in the align- 430 Morrison and Ellis ment procedure. Furthermore, it is important to recognize that the objective of phylogenetic analysis is to produce a phylogenetic tree (cf. Feng and Doolittle 1996) , and thus it is necessary to compare the different alignment procedures by testing the robustness of the resulting phylogenetic hypotheses rather than by simply comparing the alignments directly (e.g., by computing average pairwise percent similarity).
Variation in the sequence alignment process can be achieved in a number of ways, and, consequently we tried two different strategies. First, a single alignment algorithm could be chosen and the values of the available parameters could be varied (e.g., Fitch and Smith 1983; Lake 199 1; Mindell 199 1; Gatesy, DeSalle, and Wheeler 1993) . Probably the most important of these parameters are the alignment gap cost ratios or "gap weights" (Ty son 1992; Vingron and Waterman 1994; Wheeler 1995) , which refer to the relative cost of inserting a new gap into a sequence or extending an already-existing gap. For each gap these parameters are usually in the form:
Gap penalty = gap opening penalty + (gap extension penalty X gap length)
where the penalties are relative to the cost of a substitution. There is no way of determining analytically what these weights should be (Rinsma-Melchert 1993) , and the computer programs that implement the alignment algorithms usually have default values for the weights that are designed to produce "biologically interesting" results. To asses the effects of this type of variation, we varied the gap penalties in a systematic manner for the commonly used ClustalW computer program.
Alternatively, a number of different alignment algorithms could be chosen, with only one set of parameter values employed for each of these algorithms. In using this strategy for six different algorithms, our objective was not to provide a rigorous comparison of the different alignment methods (and their associated computer programs), and so no special attempt was made to optimize the performance of any of the mathematical methods. The default values (or those suggested in the instruction manual) were used for all of the parameters, as these are the ones that are most likely to be employed in practice.
For the phylogenetic analyses we employed three commonly used methods of cladistic inference that cover the range of available possibilities: neighbor joining, weighted parsimony, and maximum likelihood (Morrison 1996) . This was to determine whether the sensitivity of the alignments depended on the choice of a phylogeny inference method, rather than for the purpose of comparing the effectiveness of these different tree-construction methods (cf. Cummings, Otto, and Wakeley 1995) . So, little attempt was made to optimize the performance of these methods, but a similar model of character-state transformations (transversion/transition cost ratio) was used for each analysis (see Wheeler 1995) . For the measurement of sensitivity we were only interested in the branching order of the phylogenetic trees, rather than in the branch lengths. Also, we made little attempt to estimate the support for any of the clades within each analysis, as we were interested solely in sensitivity to different alignments rather than robustness within an alignment.
Materials and Methods

Data Set
The data set consisted of the complete 18s rDNA sequences of all Apicomplexa lodged with GenBank (72 sequences covering 43 taxa; table 1). Recent morphological and molecular data suggest that the sister group to the Apicomplexa is likely to be found among the dinoflagellates (phylum Dinozoa) (e.g., Levine 1988; Barta, Jenkins, and Danforth 199 1; Gajadhar et al. 1991; Schlegel 1991; Wolters 1991; Sadler et al. 1992; Cavalier-smith 1993; Goggin and Barker 1993; Rodrigo, Bergquist, and Bergquist 1994; Escalante and Ayala 1995; Siddall, Stokes, and Burreson 1995) ; so, sequences of three divergent taxa (one symbiotic, two nonsymbiotic) from this phylum were used to root the cladograms (see Smith 1994 ).
Sequence Alignment Algorithms
Six different multiple-alignment procedures were used: manual alignment according to secondary structure, and computer-alignment using five mathematical procedures that cover the range of available possibilities.
The manual sequence alignment used was that described by Van de Peer et al. (1994) , which defines the complete secondary structure of the 18s rRNA molecule. The alignment process is iterative, beginning with the juxtaposition of regions of extensive primary structural similarity, and then refinement by invoking higherorder structural constraints;
higher-order structures are inferred by comparative analysis, relying on the search for compensatory base substitutions or positional covariance (Gutell 1996) . This alignment is available from The SSU x-RNA Database (contactable at http://wwwrrna.uia.ac.be/), maintained by Y. Van de Peer, I? De Rijk, and R. De Wachter (Departement Biochemie, Universiteit Antwerpen). The aligned sequence length was 2,704 nucleotides, of which 1,229 positions (45%) were invariant across all taxa (a position with a single nucleotide aligned against a gap in the other sequences is treated as invariant, as are positions with identical nucleotides in all of the sequences).
The first computer alignment program used was Pileup, in the GCG 8.1 package (Genetics Computer Group; Devereux, Haeberli, and Smithers 1985) . This method produces the final multiple alignment from a series of progressive pairwise alignments between sequences and clusters of sequences. The pairwise alignments use the method of Needleman and Wunsch (1970) , while the clustering order of progressive sequence alignment (Feng and Doolittle 1987 ) is determined from a UPGMA guide tree. All of the program default values were used. The aligned sequence length was 2,509 nucleotides, of which 953 positions (38%) were invariant across all taxa.
The second computer alignment program used was ClustalW 1.5 (Thompson, Higgins, and Gibson 1994). The algorithm used is very similar to that of Pileup, except that the guide tree is produced by neighbor joining. All of the program default values were used. The aligned sequence length was 2,529 nucleotides, of which 1,236 positions (49%) were invariant across all taxa.
The third computer alignment program used was TreeAlign (Nov. 90) (Hein 1990 ). The algorithm produces a phylogenetic tree as it aligns the sequences, using a combination of distance matrix and heuristic parsimony methods. Pairwise distances between sequences are used to construct a guide tree (Hein 1989b) , which is optimized by rearrangements; a parsimony tree is then produced during the alignment (Hein 1989a) , which is also optimized by rearrangements.
All of the program default values were used, with gap weights set to 8+ 3k (as suggested in the manual). The aligned sequence length was 2,834 nucleotides, of which 1,562 positions (55%) were invariant across all taxa.
The fourth computer alignment program used was MALIGN 2.5 (Wheeler and Gladstein 1994) . This program also produces a phylogenetic tree as it aligns the sequences. The algorithm uses a wide range of heuristic procedures to search for the combination of multiple alignment and phylogenetic tree that minimizes the total alignment score along the tree (i.e., there is a specified criterion for global optimality of the solution but no single specified search procedure for finding this solution). The following parameters were set (as suggested in the manual): internal 3, extragaps 1, leading 2, trailing 2, changecost 1, score 3, contig, iter, quick, alignswap, treeswap. The aligned sequence length was 3,549 nucleotides, of which 1,829 positions (52%) were invariant across all taxa.
The fifth computer alignment program used was SAM l.la (Hughey and Krogh 1996) . The algorithm uses a linear hidden Markov model that estimates the probabilities of nucleotide change, which are then used as penalties in the alignment cost (Krogh et al. 1994) . The model is trained (i.e., the probabilities calculated) using an expectation-maximization procedure, and the trained model is then used to create the multiple alignment. All of the program default values were used, the buildmodel module being trained on a representative selection of 22 of the sequences, followed by the addfims module. The aligned sequence length was 2,732 nucleotides, of which 1,288 positions (47%) were invariant across all taxa.
Due to computer memory constraints, it was not possible to use all 75 of the sequences in the alignment process. So, a consensus sequence (based on the secondary structure alignment) was derived from the individual sequences for each of those species with more then one sequence, using the MacClade 3.04 computer program (Maddison and Maddison 1992) . The standard IUPAC ambiguity codes were used for those few nucleotide positions with more than one possible character state in a consensus sequence. This resulted in a data set of 46 sequences (one for each taxon), which were used for the alignments.
Sequence Gap Penalties
For the investigation of the relative effect of the alignment gap cost ratios (gap penalties), the multiplesequence alignment parameters were varied for the ClustalW computer alignment program. The values of the gap opening penalty (GOP) and the gap extension penalty (GEP) were both varied in a logarithmic fashion (Wheeler 1995) , testing all orthogonal combinations of these values. The gap opening penalty was varied from 0.5 to 64 times the cost of a substitution (logzGOP = -1, 0, 1, 2, 3, 4, 5, 6), and the gap extension penalty was varied from 0.031 to 8 times the cost of a substitution (log2GEP = -5, -4, -3, -2, -1, 0, 1, 2, 3). The Pileup, TreeAlign, and MALIGN programs were not investigated because of technical computer difficulties in running the required number of analyses, while the SAM program uses the hidden Markov model to estimate the gap penalties (which thus cannot be specified a priori). The phylogenetic trees were inferred using maximum likelihood (see below).
Sequence Subsets
For the investigation of subdivision of the sequences, all of the currently recognized helical regions within the 18s rRNA were identified from the alignment according to secondary structure ( Van de Peer et al. 1994) . Two separate data files were then created, one containing all of the helical (whether double-or single-stranded) positions (49% of the aligned sequence length) and one containing all of the nonhelical (single-stranded) positions (5 1% of the aligned sequence length), using the DCSE sequence editor (De Rijk and De Wachter 1993). These data sets were then analyzed separately.
Cladistic Analyses
Neighbor-joining analyses were performed using the TREECON 3.0 program ( Van de Peer and De Wachter 1993) . Distances were calculated using the Kimura two-parameter model, as modified by Jin and Nei to allow the nucleotide substitution rate to vary across sites as a gamma distribution with a = 0.5. Gaps were included in the distance calculations as described by Van de Peer, Neefs, and De Wachter (1990) . Weighted-parsimony analyses were performed using the PAUP 3.1.1 program (Swofford 1993) . A stepmatrix was used to give transversions twice the weight of transitions, and gaps were treated as missing data. Two heuristic search strategies were used for each analysis, the first with addseq= simple, and the second with addseq=random and 10 replicates. Branch swapping was by tree bisectionreconnection.
Maximum-likelihood analyses were performed using the fastDNAml 1.0.6 program (Olsen et al. 1994) . A transition : transversion ratio of 2: 1 was used, with empirical base frequencies, and one rate class for nucleotide substitutions across sites. The heuristic search strategy used the quickadd option followed by local branch swapping. Adams consensus trees (which include all of the nested relationships that occur in all of the set of trees) and symmetric-difference distances between trees (which indicate how many nonshared clades there are for two trees) were calculated using the PAUP program.
Results
Sequence Alignment Algorithms
In total, 1 8 phylogenetic analyses were performed (three cladistic methods for each of six alignment methods). Most of the analyses produced only one phylogenetic tree, but some of the weighted-parsimony analyses produced several equally parsimonious trees: 3 for the structure alignment, 18 for the Pileup alignment, 2 for the Malign alignment, and 3 for the SAM alignment. In each of these cases, a 50% majority-rule consensus tree (which includes all of the clades that occur in >50% of the set of trees) was calculated using the PAUP program. Most of the variations among the multiple trees were due to local rearrangements of taxa (i.e., near the tips of the trees). Consequently, we ignored the minor rearrangements in comparing the results of the analyses, focusing instead on the basal parts of the trees as shown in the example neighbor-joining tree in figure 1. The 18 final trees from these analyses showed a great deal of similarity, with their Adams consensus tree having considerable structure ( fig. 2) However, there were also prominent differences among the cladograms in the placement of particular species (table 2), indicating that both the sequence alignment process and the cladistic procedure do influence the phylogenetic inference. The 18 trees were compared using the symmetric-difference distance, with the distances ranging from 0 to 14 (the most dissimilar trees being those from the structure alignment with maximum likelihood and the MALIGN alignment with neighbor joining).
The alignments that were most sensitive to the treebuilding method were the structure and MALIGN alignments, with average symmetric-difference distances among their three trees of 8.0 and 6.7 respectively, followed by the Pileup (average distance 3.0), TreeAlign (3.0), and SAM (2.7) alignments, and then the ClustalW (0.0) alignment. For example, the three trees from the structure alignment placed B. rodhaini in three different positions (table 2), while the ClustalW alignment produced three identical trees (which were also identical to the tree from the Pileup alignment with neighbor joining) .
The alignment that produced trees that were on average most different from those of the other alignments (when compared using the same tree-building methods) was the structure alignment, with average symmetricdifference distance to the other trees of 7.5, followed by the TreeAlign and MALIGN alignments (average distances 6.1), then the ClustalW alignment (5.9), and the Pileup and SAM alignments (4.7). For example, all three trees from the structure alignment placed B. equi in positions that do not appear in the trees from any of the other alignments (table 2), and for two of these three trees the placements of B. rodhaini and C. felis were similarly nonconformist (table 2). The two alignments that produced trees that were most similar were the Pileup and ClustalW alignments (average distance 2.0).
The computer alignment that produced trees that were most similar to those of the structure alignment (when compared using the same tree-building methods) was the MALIGN alignment, with average symmetricdifference distance of 6.0, followed by the Pileup (average distance 7.3), SAM (7.3), TreeAlign (8.0), and ClustalW (8.7) alignments. For example, the trees from the MALIGN alignment are the only ones that consistently placed S. muris and S. neurona in the same position as did the equivalent trees from the structure alignment (table 2) .
The tree-building method that was least sensitive to the alignment procedure was the neighbor-joining method, with average symmetric-difference distance among its six trees of 4.1, followed by the weightedparsimony (average distance 6.7) and maximum-likelihood (6.7) methods. The tree-building method that produced trees that were most similar to the other methods (when compared using the same alignments) was the weighted-parsimony method, with average symmetricdifference distance among trees of 3.5, followed by the maximum-likelihood (average distance 4.3) and neighbor-joining (4.8) methods.
Finally, and most importantly, the sequence alignments were responsible for more of the variation among the 18 trees than were the tree-building methods, as the average symmetric-difference distance among the trees when compared using the same tree-building method was 5.8, as opposed to 3.9 when compared using the same alignment.
Sequence Gap Penalties
In total, 72 alignment and subsequent phylogenetic analyses were performed (nine gap extension penalties for each of eight gap opening penalties). As expected, increasing the gap opening and extension penalties relative to the cost of a substitution decreased the resulting aligned sequence length, and there was convergence for this data set to an aligned length of ca. 2,500 nucleotide positions ( fig. 3 ). The effect on aligned sequence length of varying the GEP decreased with increasing GOP, and the GEP had little effect below a value of 0.1 for all GOPs (fig. 3) .
The maximum-likelihood cladograms from these alignments showed considerable similarity; however, there were prominent differences among the trees in the placement of particular species, indicating that the gap penalties do influence the phylogenetic inference. The symmetric-difference distances among the 72 trees ranged from 0 to 16, with the most divergent tree being that produced from the alignment with a GOP of 64 and a GEP of 0.031 (symmetric-difference distances to the other trees of 8-16).
The symmetric-difference distances of the 72 trees from the tree produced by the default penalty values ranged from 0 to 8 (fig. 4) . The penalty values that produced trees that were identical to the default tree form several noninterconnected "islands" that are widely dispersed ( fig. 4) , and, consequently, there is no apparent means of predicting the similarity of the cladograms from the gap penalty values. Aligned sequence length was also not a good predictor of tree topology, as (for example) the GOP of 64 produced alignments of almost identical length irrespective of GEP ( fig. 3 ) but, in turn, produced trees that differed by symmetric-difference distances of O-8 (fig. 4) .
The symmetric-difference distances of the 72 trees from the tree produced by the structure alignment ranged from 4 to 14, and so none of the gap penalties resulted in a cladogram that was close to that from the secondary structure considerations.
The trees that were most similar to that of the structure alignment were produced from the alignments with GOPs of 4 (average distance 7.3), 8 (7.8), and 16 (7.3), while the most different trees were produced from the alignment with a GOP of 0.5 (average distance 12.2). 
Sequence Subsets
In total, six phylogenetic analyses were performed (three cladistic methods for each of two sequence subsets). The helical positions produced four equally parsimonious trees for the weighted-parsimony analysis, while the nonhelical positions produced 14 equally parsimonious trees. In each of these cases, a 50% majorityrule consensus tree was calculated. Most of the variations among the multiple trees were due to local rearrangements of taxa, and so the only consensus tree shown in figure 5 that is not fully resolved is that for the nonhelical positions.
The analyses based on the helical positions were more similar to the equivalent full-structure alignment analyses, with average symmetric-difference distance among the trees of 4.7, compared to the analyses based on the nonhelical positions (average distance of 6.7). Indeed, the maximum-likelihood analyses of the structure data and the helical subset were almost identical (symmetric-difference distance 2). For the analyses of helical positions, the weighted-parsimony and maximum-likelihood analyses produced trees that were identical, while the neighbor-joining analysis was very different (both symmetric-difference distances 16). For the analyses of nonhelical positions, the trees were as different from each other as they were for the structure analyses (average distance of 6.7). Furthermore, several taxa were placed in positions that did not occur in any of the other analyses, notably the placement of B. equi and B. rodhaini as sisters, which occurred in all three trees, and the placement of Cryptosporidium within the dinoflagellates, which occurred in the weighted-parsimony tree.
Discussion
Sequence Alignment
All of the multiple-sequence alignment procedures investigated in this study yielded the same basic struc- ture for the estimate of the phylogenetic relationship among the members of the Apicomplexa, which presumably represents the underlying phylogenetic signal. This implies that there are phylogenetically informative regions of the SSU rDNA that are relatively robust to different strategies for aligning homologous nucleotides.
Nevertheless, it is clear that the placement of many of the taxa is sensitive to the alignment procedure used; indeed, the variations among the alignments produced trees that were on average more different from each other than did the variations among the tree-building methods used. This is an important conclusion, because although it has long been recognized that differences in both alignment and tree-building methods can influence phylogenetic inference, it is only the latter aspect that has received considerable attention in the literature (Morrison 1996) .
The extent to which this conclusion can be generalized to other taxa and genes is unknown. For example, we have only considered x-RNA genes, for which an a priori biological model exists; a different situation might exist for protein-coding genes, where a priori models of function may be less clear (Taylor 1987) . Nevertheless, it is likely that many other data sets will show the same degree of sensitivity to alignment procedures as does ours; other specific examples where adjusted alignments of SSU rDNA sequences produced different trees are discussed by Eernisse and Kluge (1993) (for vertebrates), Rodrigo, Bergquist, and Bergquist (1994) (for eukaryotes), and Ellis and Morrison (1995) (for apicomplexans). Furthermore, McClure, Vasi, and Fitch (1994) have shown that there is considerable variation in the relative success (at detecting motifs) among several computerized procedures for aligning multiple protein sequences, and protein-coding DNA sequences are often aligned by first translating them into the equivalent protein sequences and then aligning these protein sequences (Hein 1994; Russo, Takezaki, and Nei 1996) . Consequently, we suggest that our conclusions from this empirical study probably have a more universal validity.
We thus emphasize that considerable attention needs to be paid to alignment problems in phylogenetic studies, as they are at least as important for phylogenetic studies as are the other well-known problems associated with sequence length (e.g., Cummings, Otto, and Wakeley 1995; Russo, Takezaki, and Nei 1996) and tree-inference methods (e.g., Huelsenbeck 1995; Russo, Takezaki, and Nei 1996) . Further comparative studies need to be undertaken to refine our understanding of the ramifications of different alignment procedures. In particular, we need to understand more about the effects of different parameter values on the alignments. Some comparisons have been reported of the relative effects of varying gap costs and substitution costs for proteins (e.g., Henneke 1989; Taylor 1996) and nucleotides (e.g., Wheeler 1995) , but the relative effects of varying gap opening and gap extension penalties have previously been reported only for proteins (e.g., Tyson 1992) .
We expect that the putative secondary-structure model that we employed is likely to have produced a multiple-sequence alignment that is closer to the true alignment (in the sense of having aligned homologous nucleotides) than is the output from any of the computerized algorithms (Kjer 1995; Hickson et al. 1996; Taylor 1996) , since the higher-order structures inferred from comparative analyses are now quite refined, and the method provides a powerful way of identifying functionally important elements in a molecular structure (Olsen and Woese 1993; Gutell, Larson, and Woese 1994; Gutell 1996) . This thus represents our preferred set of hypotheses concerning the homology of the SSU rDNA sequences.
We emphasize, however, that all multiple alignments are only hypotheses, and are thus open to further testing as new information or other structure models (e.g., Gutell, Larson, and Woese 1994; Kjer 1995; Gutell 1996; Hickson et al. 1996) become available.
The main limitation of the computerized algorithms is that they attempt to maximize sequence similarity rather than sequence homology, the difference being that similarity can be the product of several evolutionary processes, including homology, reversal, convergence, and parallelism.
Thus, these algorithms can only succeed to the extent that similarity is the result of homology rather than these alternatives in the particular set of sequences being aligned. Since there is no objective way of assessing this situation, each of the programs implements a different stratagem for producing the multiple alignment.
The algorithms employed in the ClustalW and Pileup programs use sequence similarity as the global optimality criterion for the alignments, and so cannot guarantee optimum sequence homology. Furthermore, these programs have to use heuristic procedures, and so they cannot even guarantee achievement of the global optimum of similarity. In a similar manner, the algorithm in the SAM program uses a maximumlikelihood model to maximize sequence similarity, and so cannot guarantee optimum sequence homology. On the other hand, the algorithms in the MALIGN and TreeAlign programs use parsimony of the resulting phylogenetic tree (i.e., the fewer nucleotide changes there are on the tree the better) as their global optimality criterion, thus uniting alignment and tree-building.
They thus attempt to minimize homoplasies on the phylogenetic tree, these homoplasies being inferred to be the result of reversals, convergences, and parallelisms; and they thus try to take into account nonhomologous similarities. However, they only use approximate or heuristic methods, and so cannot guarantee achievement of the global optimum (unless an exhaustive search is implemented in MALIGN, which is only practical for extremely small data sets).
It is not straightforward for us to make a direct comparison of the various computerized alignment procedures that we used, because we made no attempt to optimize the performance of most of these methods (e.g., by varying the available parameters).
However, there are several general points that can be made about the output from these programs, at least as far as our particular data set is concerned.
First, the ClustalW and Pileup programs produced alignments that are very similar to each other, as would be expected from the similarity of their algorithms, and the trees resulting from these alignments are also quite similar The TreeAlign and MALIGN programs, although similar to each other in intent, produced alignments and trees that are quite different from each other. In many ways, the alignment and trees from the SAM program represent a compromise among those produced by the other programs.
Second, compared to the structure alignment, the aligned sequence lengths from the Pileup and ClustalW programs are very much shorter (93% and 94%, respectively), while those from the TreeAlign and MALIGN programs are much longer (105% and 13 1 %, respectively). In the latter two cases, this is because there are lengthy parts of the alignment where the nucleotide positions are unique (i.e., there is a contiguous group of nucleotides in one sequence aligned against a gap in all of the other sequences), while in the former two cases these parts have been compressed so that the sequences overlap, along with many of the similarly organized parts of the structure alignment (i.e., some parts of the sequence that the secondary-structure model indicates should be unique also overlap). The SAM program produced an alignment that was very similar in length to that of the structure alignment.
It is these two opposing tendencies (i.e., compression vs. tension of sequence length) that account for many of the differences among the alignments. Their relative strengths are, presumably, a result of the different gap and substitution weights set as the defaults in the programs (i.e., by default some of the programs weight gaps sufficiently heavily that substitutions are preferred over gaps, while others do the reverse). Our analyses show that varying these weights can potentially produce alignments that are at least as different from each other as those produced by the different algorithms. Furthermore, for the ClustalW program there was no combination of gap weights that produced a tree that was the same as that from the structure alignment, in spite of the fact that many of the alignments were similar in length to that of the structure alignment. Clearly, published studies need to be specific about the program parameter values that were used to create the alignments, rather than simply mentioning which program was used, if their alignments are to be repeatable. This issue is clouded by the fact that in phylogenetic studies manual "improvements" are often carried out on the computer-produced alignment in order to further maximize the apparent similarities among the aligned sequences.
For the TreeAlign and MALIGN alignments that we carried out, these post hoc modifications would presumably have resulted in much shorter multiple alignments, overlapping many of the unique sequence regions and thus making the lengths much closer to that of the structure alignment. We did not attempt to do this, however, because there is no objective criterion for carrying out the procedure, it relying instead on the subjective judgment of each individual phylogeneticist. Furthermore, it is unclear whether these improvements actually increase sequence homology, as opposed to merely increasing sequence similarity.
The third general point that can be made is that aligned sequence length is not necessarily a good predictor of how similar the resulting phylogenetic trees will be. In particular, the MALIGN alignment produced trees that were generally more similar to those from the structure alignment than did the alignments from the other programs, in spite of being the one that was most dissimilar in length. Furthermore, the Pileup and ClustalW alignments are very similar to each other, but the resulting trees are quite different when compared to the trees from the structure alignment (and, indeed, the ClustalW program, which appears to be the most popular alignment program in the literature, produced the alignment that was least similar to the structure alignment for our data set). Moreover, we produced many alignments of approximately the same length when varying the gap penalties for ClustalW, but these often resulted in very different trees. It is thus clear that simple similarity of alignment is not the same as similarity of phylogenetic inference. This is an important conclusion, because there appears to be a tacit assumption in the literature that similar alignments should produce similar trees; this assumption is refuted by our analyses. It is for this reason that we chose to compare the different alignment procedures by testing the robustness of the resulting phylogenetic trees (cf. Feng and Doolittle 1996) rather than by simply comparing the alignments directly.
On a more positive note, we emphasize the underlying similarity between the trees produced by the various computerized algorithms and by the structure model. There are thus well-defined regions in the rDNA sequences which are relatively robust to variation in the alignment procedures, which form a backbone for the more variable regions. In the absence of an a priori model, the computerized algorithms can therefore be effectively used as heuristic procedures to produce a good first approximation for the final multiple alignment (cf. Higgins, Thompson, and Gibson 1996) . The variable regions can then be dealt with as a separate issue. For example, it is common in the literature (when using computerized algorithms) for those regions where the sequence alignment was problematic to be deleted.
These problematic regions are usually associated with gaps in most of the sequences (gaps in only a few of the sequences are usually not problematic to align), as it is the relative placement of the gaps that creates the problems (Higgins, Thompson, and Gibson 1996) . However, few objective methods have been proposed for subdividing nucleotide sequences into regions where alignment is problematic and where it is unambiguous. Rodrigo, Bergquist, and Bergquist (1994) describe a repeatable manual method based on finding invariant positions on each side of the gaps; Fernandes, Nelson, and Beverley (1993) describe a repeatable computerized method based on pairwise percent similarity; and Gatesy, DeSalle, and Wheeler (1993) suggest that regions where the alignment is sensitive to the gap weights in the computerized algorithm are the most ambiguous. The problem with the deletion of the regions of ambiguous alignment around gaps is that phylogenetitally informative characters are being ignored when these gaps represent indels. So, a more useful approach is to determine which regions are phylogenetically informative, rather than which are ambiguously aligned (Olsen and Woese 1993) . For rDNA sequences, the a priori model indicates that there could be different phylogenetic information in the helical and nonhelical regions, and our data confirm this, with most of the information being in the helical positions for our data set. A similar conclusion has been reached by Smith (1989) and Ellis and Morrison (1995) for 18s rRNA, and by Dixon and Hillis (1993) for 28s rRNA genes, although Wheeler and Honeycutt (1988) arrived at the opposite conclusion for 5s and 5.8s r-RNA. It is thus clear that nucleotide positions in helical and nonhelical regions should be given different weights in phylogenetic analyses of rDNA sequences, although complete exclusion of either region is not recommended (Dixon and Hillis 1993) .
It should also be noted that if ambiguous alignment is associated with gaps, then for our data set this is strongly correlated with a subdivision into helical and nonhelical sets, as 64% of the positions in the nonhelical regions have a gap in at least one of the sequences, while this is true of only 19% of the positions in the helical regions. It has often been suggested in the literature that indels preferentially occur in nonconserved regions between helices, both for proteins and for nucleotide sequences. Consequently, computerized alignment algorithms need to take this into account by having position-specific gap penalties rather than having an "average" value that is applied throughout the sequence. Attempts have been made to automate this idea for protein sequences (e.g., Barton and Sternberg 1987; Henneke 1989; Bell, Coggins, and Milner-White 1993; Higgins, Thompson, and Gibson 1996) , but it does not yet appear to have been implemented for nucleotide sequences.
Phylogeny of the Apicomplexa
Although our intention has not been to produce a definitive estimate of the phylogeny of the Apicomplexa based on SSU rDNA, there are several general observations that can be made which are sensitive to neither alignment nor tree-building method. First, the phylum Apicomplexa is monophyletic if Perkinsus is excluded. Several of the analyses place Perkinsus within the phylum Dinozoa clade, while the structure alignment places it as the sister to either the Apicomplexa or the Dinozoa, depending on where the tree is rooted. The placement of Perkinsus can only finally be resolved by including in the analysis more dinoflagellate taxa, as well as including the sister to the Apicomplexa + Dinozoa clade, which is probably the phylum Ciliophora (e.g., Levine 1988; Barta, Jenkins, and Danforth 1991; Gajadhar et al. 1991; Schlegel 1991; Wolters 1991; Sadler et al. 1992; Cavalier-Smith 1993; Goggin and Barker 1993; Rodrigo, Bergquist, and Bergquist 1994; Escalante and Ayala 1995; Siddall, Stokes, and Burreson 1995) . The analysis of Escalante and Ayala (1995) , based on a ClustalV alignment with post hoc adjustments, suggests that the root of our trees should actually be on the branch between Perkinsus and the Apicomplexa.
That Perkinsus should be placed with the Dinozoa is also suggested by the analyses of Goggin and Barker (1993) and Siddall, Stokes, and Burreson (1995) , based on Clustal alignments. Sleigh (1989) summarizes the phenotypic evidence in favor of excluding Perkinsus from the Apicomplexa.
Second, the class Coccidia is monophyletic if Cryptosporidium is excluded, as also suggested by Barta, Jenkins, and Danforth (199 l) , based on an alignment by eye. Eimeria is the sister to the Sarcocystis + Toxoplasma + Neospora clade, in agreement with the taxonomic schemes of Levine (1985 Levine ( , 1988 and Vivier and Desportes (1990) . However, the monophyly of Sarcocystis is sensitive to the tree-building method. Third, Cryptosporidium is the sister to the rest of the Apicomplexa in most of our analyses, as suggested by Escalante and Ayala (1995) , although some of the alignments do place it as the sister to the class Hematozoea, as suggested by Barta, Jenkins, and Danforth (1991) . Either of these placements of Cryptosporidium conflicts with both the phenotypically based phylogeny (Barta 1989 ) and the recent taxonomic schemes (Levine 1985 (Levine , 1988 Vivier and Desportes 1990; Corliss 1994) , and thus deserves further molecular studies.
Fourth, the class Hematozoea is monophyletic. This confirms the taxonomic schemes of Vivier and Desportes (1990) , Cavalier-Smith (1993) , and Corliss (1994) , rather than that of Levine (1985 Levine ( , 1988 , although the phylogenetic tree of Levine (1985) does place the piroplasms and haemosporidians as sister taxa. Cox (199 1, 1994) treats the coccidia, piroplasms and haemosporidians as equal taxonomic groups. Within the Hematozoea, the order Piroplasmida is monophyletic, but the genus Babesia is not monophyletic, as is also suggested by Ellis et al. (1992) and Mackenstedt et al. (1994) , based on ClustalV alignments.
Finally, we point out that many of the literature disagreements concerning the phylogeny of the apicomplexans are probably based on differences in sequence alignment strategies rather than on differences in data (or even in tree-building methods). The phylogenetic placement of the taxa in our data set was sensitive to the alignment used; and in many cases the alternative relationships among the taxa that have been suggested in the literature are no more different than are the relationships suggested by trees derived from the various alignments that we used.
